Several optical tests were employed to demonstrate twinning in raphides from 10 species in the family Vitaceae and one species in the Araceae. Scanning electron microscopy revealed that twin raphides differ from the reported shape of twin styloids and that raphides of the Vitaceae are "barbed" along two sides. A model is proposed to describe in vivo raphide production under saturated to supersaturated conditions of directional nutrient flow. Several optical tests were employed to demonstrate twinning in raphides from 10 species in the family Vitaceae and one species in the Araceae. Scanning electron microscopy revealed that twin raphides differ from the reported shape of twin styloids and that raphides of the Vitaceae are "barbed" along two sides. A model is proposed to describe in vivo raphide production under saturated to supersaturated conditions of directional nutrient flow.
Introduction
Arrow-shaped raphides in the leaves and wood of various members of the grape family (Vitaceae) have been noted (SOLEREDER 1899; GARD 1900; SOLEREDER and MEYER 1928; METCALFE and CHALK 1950) . ESAU (1965, figs. 9B, 33A) observed the raphides of Vitis as four-sided in section. MET-CALFE and CHALK (1950) KOLLBECK, GOLDSCHMIDT, and SCHR6DER (1914) used optical analysis with polarized light to determine that arrow-shaped styloids from Iris pseudacorus were twin crystals. FREY (1925) and ARNOTT (1981) suspected that forked raphides also might be twin crystals because they possessed a dovetailed reentrant angle at one end of each crystal and because of the apparent morphological similarity of raphides to Iris styloids.
Until we found unusually large raphides in the petioles of Cissus rotundifolia, the small size of raphides and their complex optical behavior impeded an understanding of their crystallographic nature. Scanning electron microscopy, optical crystallographic techniques, and X-ray diffraction analysis were employed to study them and raphides from nine other species in five genera of the family Vitaceae and from Xanthosoma sagittifolium in the family Araceae.
Material and methods

SAMPLE COLLECTION
Cissus rotundifolia (Forsk.) Vahl., C. discolor Blume, C. quadrangularis L., C. rhombifolia Planch., Rhoicissus capensis (Burm f.) Planch., Tetrastigma voinierianum (Baltet) Pierre ex Gagnep., Vitis vinifera var. Concordia, and Xanthosoma sagittifolium (L.) Schott. were collected in the Bessey Hall Greenhouse; Parthenocissus quinquefolia (L.) Planch., P. tricuspidata (Sieb. & Zucc.) Planch., P. vitacea (Knerr) Hitchc., and Vitis riparia Michx. were collected on the Iowa State University Campus, Ames. Raphide crystals were extracted from fresh plant material so that the effects of secondary physical or chemical alteration of the crystals would be negligible. Raphides from the petioles were chosen for study because they appeared to be largest and, therefore, more amenable to optical study.
SCANNING ELECTRON MICROSCOPY (SEM)
Fresh longitudinal and transverse hand sections of petioles were mounted on brass disks with conductive silver paste, coated with Au-Pd in a Polaron E5 100 sputter coating unit, and examined at 15 kV with a JEOL JSM 35 SEM. Individual raphides were extracted by dicing transversely cut petioles with a razor blade and then touching the fragments to a piece of cover glass. The crystals were allowed to settle for 1 min before the preparation was flooded with methanol, which was then drawn off with filter paper. This procedure was repeated several times to remove extraneous plant material. An examination of methanol-washed and nonwashed crystals showed that the fine surface features of calcium oxalate monohydrate (COM), which is insoluble in alcohol, were not affected by the washing. Cover glass fragments with crystals were mounted on brass disks with silver conductive paste and sputter coated in the same manner as fresh petiole sections. To reduce SEM beam penetration, an operating voltage of 15 kV was used; in most instances, a sample tilt of 500 was advantageous. Weddellite.
Results
In one view, SEM ( fig. 1 , vertical crystal) revealed that raphide crystals of the Vitaceae were sharply pointed at one end and blunt at the other.
Crystals extinguished between crossed polarizers when their greatest lengths were parallel to either polarizer, indicating that the crystals were oriented parallel to the crystallographic plane (101).1 The long sides of the crystal in this view appeared smooth.
When turned 900 to the (101) view, crystals were sharply pointed at one end and bidentate (forked) at the other. The long sides of the crystals in this view were irregular or barbed. On some crystals, the barbs occurred only near the sharply pointed end ( fig. 2) , while on others they were found along the entire length of the crystal (figs. 3, 4).
When a crystal in the bidentate view was rotated between crossed polarizers, the entire crystal showed birefringent illumination ( fig. 5 ) that extinguished at a different angle in each elongate half of the raphide (figs. 6, 7). These images indicated the twin nature of the crystals. Crystals in this view never were completely extinguished during 3600 rotation, a further proof of twinning. The twin plane ap- When a quartz plate compensator was used with crossed polarizers, light passing through the twin was retarded to a greater extent when the principal optical axis or direction of greatest light retardation of a crystal (double arrow, fig. 10 ) was aligned more closely with the principal optical axis of the quartz plate. Greater light retardation resulted in higherorder colors, so that one-half of the raphide appeared as a first-order red-orange, and the other half, as a second-order blue.
When crystals were examined with SEM at ca. X 10,000 and at a tilt angle of 50? with respect to the primary beam axis, a shadowing effect accentuated crystal surface relief. At high tilt, the mirror plane of crystal symmetry (in the bidentate view) bisected the crest of a peak (stereopair; fig. 11 ) rather than a flat (010) face as it does in styloids from Iris pseudacorus (KOLLBECK et al. 1914; ARNOTT 1981) . The former situation was true for raphides from Tetrastigma ( fig. 12) , Rhoicissus (figs. 13, 14) , and the other seven species in the Vitaceae. When length/width ratios of raphides from the Vitaceae were computed ( fig. 2 9) , the greatest ratios occurred in Cissus and Rhoicissus, with C. quadrangularis exhibiting a maximum ratio. Species with greater raphide length/width ratios were also those with the most pronounced barbs, and length/width ratios of species of the same genus appeared clustered. When raphides of the aroid Xanthosoma were measured by the same method, their average length/ width ratio was 92.2.
The X-ray diffraction analyses (table 1) revealed that crystals in the 10 species of the Vitaceae and the one species in the Araceae were monoclinic calcium oxalate monohydrate (COM; Whewellite).
Discussion
Twin raphides with barbed sides are characteristic for 10 species from five genera of the Vitaceae and one genus of the Araceae. Twinning, the production of barbs, and the biological factors that lead to this type of crystal, however, must be understood in reference to an overall view of raphide growth in plants rather than as isolated incidents with no connection.
Atoms and molecules in solution are in continuous motion. Statistically, the arrangement of dissolved atoms is completely random over a period of time. At any given moment, however, some of the atoms may have the configuration they would in a crystal structure. This arrangement is called a "cluster." Because of random motion of the atoms, clusters rapidly break up with the same energetic ease with which they form. When the solution is cooled below equilibrium temperature, or the saturation level of dissolved atoms is increased, clusters may continue to grow in size and form crystal nuclei. In plant vacuoles, increased saturation is probably the factor responsible for nucleation.
There, the rate of saturation is controlled by plant metabolism, which determines the rate of production of materials necessary for crystal growth.
To continue growth, crystal nuclei must reach a "critical size" where their free energy is less than that of the solution and they are the stable phase. If this does not occur, the nuclei redissolve. Under certain conditions, one nucleus may grow, depleting the solution of ions and causing nearby precritical nuclei to redissolve. This mechanism could prevent the further growth of more than one crystal per chamber and/or vacuole. TILLER (1963) showed that thermal transport and solute transport were quantitatively described by the same differential equation and the same kind of boundary conditions in the vapor phase and in melts of metals. Contours of temperature distribution and solute distribution also were shown to have the same shape around dendritic crystals. This information was applied validly to solution growth and is applied here to the growth of crystals within plant vacuoles, where the predominant phase is generally a liquid or the liquid part of a sol (FREY-WYSSLING 1948) .
Early vapor-phase studies in metals showed that, at equilibrium vapor pressure, atoms could move . Light and scanning electron micrographs of twin raphide crystals from Vitaceae and Araceae. Fig. 11 , Stereopair of forked end of Cissus rotundifolia raphide. Faces meet to form an edge along twin plane. Bar =1 ,um. back and forth between the vapor phase and the surface of the crystal. The degree of supersaturation required for growth was also found to be ca. is (101) (KOLLBECK et al. 1914) . When the energy difference between two possible atomic positions is great, twinning occurs rarely, but if it is small, twinning will be common, as it is in many plant crystals (ARNOTT 1981) .
Even though the potential for twinning may be inherent in a material, twinning will not occur unless conditions are right. Experimental evidence (Goss and WEINTRAUB 1951) showed that the conditions for monocrystalline growth are satisfied by slow rates of growth and no supercooling. In plants, the equivalent of supercooling would be a rise in concentration above equilibrium concentration. The two terms will be used here to mean the same thing.
BOLLING, TILLER, and RUTTER (1956) studied the occurrence of growth twins in germanium and found that, in every case, nucleation of a twin could be related to supercooling during solidification. The same results occurred whether supercooling was absolute (the concentration of ions increased) or constitutional (foreign ions raised the supersaturation). NANCOLLAS and GARDNER (1974) found that the rate constant of COM crystallization did indeed increase and became appreciably greater as calcium concentration increased beyond stochiometric proportions. When this is considered in reference to plants, it becomes apparent that twin raphides will be formed under conditions of greater supersaturation or calcium influx into an oxalate environment than will single raphides. Because supersaturation is controlled by plant metabolism, which in turn is genetically controlled, it is reasonable to accept a specific crystal shape as characteristic for a particular plant species or family (FRANCESCHI and HORNER 1980) .
Single crystals grow slowly under conditions close to equilibrium saturation by the regular addition of ions to their surfaces. Faces that grow most rapidly are those having the greatest roughness in atomic lattice structure (BUNN 1964) , thereby offering more stable sites for addition of ions ( fig. 30 ). When the nutrient supply for a growing crystal is directional and parallel to a zone axis, it may promote the growth of elongate, acicular crystals (WHITTAKER 1981) . In COM raphides, elongation occurs parallel to the axis of the zone including the face (101) (FREY-WYSSLING 1981) .
In a twin crystal, the reentrant angle eliminates the need for surface nucleation by constantly providing a site for the stabilized addition of new layers of atoms. Metallurgical studies have shown that isothermal and isoconcentration lines around a growing twin crystal ( fig. 30 ) curve inward toward the notch of the twin (HAMILTON 1965) . Because growth is more rapid at the notch, the solution interface nearest it becomes depleted, and a concentration and heat flow gradient develops so that ions actually flow toward the notch faster than they whether such gates could be clustered about the tip(s) of a raphide crystal chamber or could be positioned throughout the chamber and turned off or closed in relay as the raphide grows into the chamber, thus maintaining a greater calcium concentration at the growth front.
The general directions of barb growth are undoubtedly controlled by crystal structure because they reflect the monoclinic atomic structure of the mineral (Cocci 1961) . If a straight edge is held against the long side of a crystal ( fig. 17) , all barbs and crystal surfaces end along a straight line, presumably the position of the membranous sheath (chamber) around the raphide. If calcium could enter along all the membrane throughout all stages of crystal growth, the sides of the crystal would continue to grow until the embayments within the barbs were grown in. If calcium migrated from the bidentate end and then along the sides of the crystal (or the calcium gates along the side of the crystal were closed), growth would have continued until the channel was closed and all the calcium in the "embayment" was used up. Curving of the barbs up into the embayment suggests that termination of nutrient source may have occurred.
It is also apparent, from the way that the natural monoclinic crystal form of the barbs is truncated ( fig. 17) , that their further growth was in some way inhibited by the chamber membrane. ARNOTT (1966) suggested that some crystal chambers may act as "boules" in molding the shape of crystals. The physical strength of membranes, however, would not be sufficient to contain the forces resulting from crystal growth. The action of the chambers as rigid molds or "boules" does not seem probable. The COM crystals growing in solutions, as well as the calcium and oxalate ions that form them, are coated with hydration layers (NAN-COLLAS and GARDNER 1974) . It seems more likely that these polar layers of water may be repelled by polar proteins and/or hydrophobic lipids of the chamber membrane.
The aspects of dendritic (treelike or snowflake) crystal growth have been studied in great detail by metallurgists (GRUBEL 1961) . The main ribs or branches of dendrites were single or multiple twin crystals with twin planes parallel to the long axes of the crystals. The production of a reentrant notch through twinning accounted for the rapid growth of crystals by eliminating the necessity of surface nucleation, and the rate at which dendrites grew depended on the degree of supersaturation (BOL-LING et al. 1956 ). The radius of curvature (p) of a twin dendrite tip growing into a melt was governed by freezing velocity, atomic kinetics, and material parameters (BOLLING et al. 1956; BOLLING and TILLER 1961) TILLER (1961) .
in this paper we showed that the equivalent of AT in raphide growth was the concentration gradient at the solid-liquid interface. The equation therefore shows that, as concentration increases, the radius of curvature of the dendritic tip decreases, and the length/width ratio of the resulting crystal increases.
Concentration increase, whether absolute or constitutional, would account for the production of raphides with greater length/width ratios.
The synthetic dendrite growth experiments conducted by HOLMES (1961) (table   2 ). An attempt is made to tie the taxonomic value of plant crystals to their growth dynamics which, in turn, are controlled by plant metabolism. Crystal morphology reflects the environment within a living plant, and crystallographic study offers an important key to discerning this environment. Plant crystal studies can progress from being purely descriptive to being interpretive only when the finest crystal details are considered.
